INTRODUCTION
Organisms must monitor their environment to respond appropriately to changes in nutrient supply, temperature, and toxins. A critical decision made by organisms is whether to stimulate or arrest growth given the current environmental situation. In multicellular organisms, this decision depends on multiple signals, such as inputs from neighboring cells, hormonal cues, and neuronal signaling. In this context, making the wrong growth decision at a cellular level can lead to pathological consequences, including cancer. Cells from multicellular organisms also have autonomous mechanisms to measure nutrient availability, which, when integrated with extrinsic signals, enables appropriate growth decisions.
Two evolutionarily conserved kinases that participate in this sensing and response are the 5′-adenosine monophosphate (AMP)-activated protein kinase (AMPK) (1) and the target of rapamycin (TOR) (2, 3) . AMPK is activated when intracellular energy in the form of adenosine 5′-triphosphate (ATP) is depleted and promotes a switch from ATP consumption to ATP production (4) . One primary aspect of this switch is a cessation of cell growth and division. The kinase activity of TOR is activated under nutrient-replete conditions and leads to an increase in protein translation and cell growth (2, 5) . Hence, it has been called a master regulator of cell and organismal size in most organisms.
The Saccharomyces cerevisiae genome contains two closely related TOR-encoding genes, TOR1 and TOR2. The protein products of these two genes function in two distinct protein complexes termed TOR complex 1 (TORC1) and TOR complex 2 (TORC2) (6) (7) (8) . TORC1, which contains either Tor1 or Tor2, as well as Kog1, Tco89, and Lst8, regulates protein synthesis and cell size in response to nutrient availability. TORC1 function is inhibited by rapamycin. TORC2, which contains Tor2 (but not Tor1), Avo1, Avo2, Avo3, Bit61, and Lst8, is essential for cell division and cell cycle-dependent polarization of the actin cytoskeleton (9) (10) (11) . TORC2 function is not directly sensitive to rapamycin. TORC2 regulates polarized cell growth at least partially through activation of the small guanosine triphosphatase (GTPase) Rho1 (12) . To promote cell growth and division, Rho1 stimulates many downstream signaling pathways including protein kinase C (Pkc1)-mediated activation of mitogen-activated protein kinase (MAPK) signaling, activation of cell wall synthesis through the glucan synthase Fks1, and polarization of the actin cytoskeleton (13) (14) (15) (16) . Strains harboring a temperature-sensitive allele of TOR2 (tor2 ts ) arrest growth at the restrictive temperature (37°C) due to lack of TORC2 activity and decreased activation of Rho1 (6) . This growth arrest can be suppressed by overexpression of proteins that activate Rho1. The growth arrest of the tor2 ts is also suppressed by growth on some nonfermentative carbon sources (carbon sources that are fermentable but do not cause glucose repression, such as raffinose) but not by nonfermentable carbon sources (glycerol, ethanol) . Unexpectedly, treatment with agents that perturb the cell wall or cell membrane, which cause cell integrity stress, can also abrogate the tor2 ts phenotype (17) . The mechanism underlying the connection between nonfermentative carbon sources or cell wall stress and suppression of the tor2 ts remains unresolved. These data suggest the presence of signaling modalities that control cell growth by integrating signals related to cell integrity and nutrient availability.
Many advances have occurred in our understanding of the inputs that are recognized by cell-autonomous nutrient sensors and of the nutrient sensors. The PAS kinase (PASK) family of kinases is required for normal energy balance in organisms from S. cerevisiae to mice (18, 19) ; however, the mechanisms whereby PASK signaling is integrated into broader cellular signaling networks have remained undiscovered. The S. cerevisiae genome contains two closely related and partially redundant PASK paralogs, PSK1 and PSK2 (referred to together as yPASK). In yeast, the activity of yPASK is stimulated by the WSC family of cell membrane sensors in response to stresses that compromise cellular integrity (20) . Cellular nutrient status can also activate yPASK through an interaction with the AMPK (known in yeast as Snf1) signaling pathway. Both Psk1 and Psk2 phosphorylate Ser 11 of Ugp1, the enzyme responsible for the synthesis of uridine 5′-diphosphate glucose (UDP-glucose), which is the glucose donor for glycogen and cell wall glucan production. Surprisingly, phosphorylation at Ser 11 does not affect the enzymatic activity of Ugp1, but rather influences the destination of the glucose moiety from UDPglucose (21) . In the unphosphorylated state, Ugp1 synthesizes UDP-glucose that is used preferentially for the synthesis of glycogen. In the phosphorylated state, Ugp1 produces UDP-glucose that is partitioned preferentially toward production of cell wall glucans. Therefore, a yPASK-null strain (psk1D psk2D) exhibits a marked increase in glycogen content at the expense of cell wall glucan, indicating an inability to properly regulate glucose flux (21) . All yPASK mutant phenotypes are completely phenocopied by mutating Ugp1 Ser 11 to alanine (Ugp1-S11A), which prevents Ugp1 phosphorylation (21) . Thus, the effects of yPASK on glucose partitioning are primarily mediated through Ugp1 phosphorylation.
In a screen for multicopy suppressors of the lethality of a tor2 ts mutant, we discovered both PSK1 and PSK2. We found that the signaling mechanism by which yPASK suppresses the tor2 ts requires phosphorylation of Ugp1. We show that phosphorylated Ugp1 enables the formation of a signaling complex, containing phosphorylated Ugp1, the mRNA-binding protein Ssd1, and the Rho guanine nucleotide exchange factor (RhoGEF) Rom2, which leads to the activation of Rho1. The activation of Rho1, in response to yPASK-dependent phosphorylation of Ugp1, stimulates cell survival and division. Thus, yPASK coordinates cell growth through its effects on glucose partitioning and Rho1.
RESULTS
yPASK activity is both necessary and sufficient to suppress the tor2 ts growth phenotype
As a component of TORC2, Tor2 is essential for viability (6) . Because a tor2D deletion mutant is inviable, we used a temperature-sensitive tor2 ts mutant to conduct a high-copy suppressor screen for previously unknown genes that bypass the essential role of Tor2 in cell survival and growth. This screen should reveal genes that encode proteins that function downstream of Tor2 or genes that encode proteins activating similar growth pathways independently of Tor2. We recovered genomic fragments that contained RHO2, PSK1, and PSK2, all of which suppressed the growth defect of the tor2 ts strain at the restrictive temperature ( F1 Fig. 1A ). Overexpression of RHO2 likely suppressed the tor2 ts by functioning in a manner analogous to that of RHO1 (12), given the structural and functional similarities between Rho1 and Rho2. Overexpression of either PSK1 or PSK2 from their endogenous promoters supported growth of the tor2 ts at the restrictive temperature, confirming the results of the high-copy suppressor screen. This suppression required kinase activity, because a PSK2 kinase domain mutant (K870R) failed to restore growth of the tor2 ts mutant, and overexpression of the kinase domain alone suppressed the tor2 ts growth phenotype (Fig. 1B) .
Given that all of the known psk1D psk2D phenotypes are completely phenocopied by the UGP1-S11A allele (21), we tested whether Ugp1 phosphorylation was necessary for suppression. In the presence of the unphosphorylatable Ugp1-S11A protein, neither PSK1 nor PSK2 enabled growth of the tor2 ts mutant, showing that Ugp1 phosphorylation is necessary for yPASK-dependent suppression (Fig. 1C) . Because S11E and S11D mutants of Ugp1 do not mimic the phosphorylated state, but rather mimic the constitutively unphosphorylated state (21), we were unable to determine whether Ugp1 phosphorylation is sufficient for tor2 ts suppression.
yPASK activation suppresses the tor2 ts and increases Ugp1 phosphorylation
The tor2 ts mutant is unable to grow at high temperature (37°C) presumably because of decreased functional TORC2. Growth of the tor2 ts mutant can be rescued by supplementation with the osmotic stabilizer sorbitol (6) , suggesting that one of the lethal defects in this mutant is instability of the cell wall. We reproduced the suppression of the tor2 ts growth phenotype by supplementation of 1 M sorbitol in the medium ( fig. S1 ) However, treatment with agents that destabilize the cell membrane or cell wall (for example, calcofluor white, congo red, SDS, or Tween) suppresses rather than exacerbates the tor2 ts mutant phenotype (17) . The mechanism by which cell integrity stress suppresses the tor2 ts is unknown, but we speculated that yPASK might be involved because it is activated by cell integrity stress (20) . (B) High-copy plasmids that contain full-length PSK1, PSK2, PSK2 kinase dead (K870R), or PSK2 kinase domain only (PSK2-KD) were expressed from their endogenous promoters and assayed for an ability to suppress the growth defect of tor2 ts . WT, wild type. (C) High-copy plasmids that contain full-length either PSK1 or PSK2 were expressed in the presence of WT UGP1 or strains with UGP1-S11A. Experiments shown are representative of six independent experiments.
tested the necessity of yPASK for suppression of the tor2 ts by cell integrity stress. Because Psk2 responds more robustly to cell integrity stress than does Psk1 (20) and because PSK2 overexpression more fully suppressed the tor2 ts when compared to PSK1, we focused primarily on the role of PSK2. Addition of 0.005% SDS to the medium suppressed the tor2 ts phenotype ( F2 Fig. 2A) ; however, the tor2 ts strain also containing the psk2D mutation failed to grow on the SDS-supplemented medium ( Fig. 2A) . Consistent with the known role of Psk2 in cell integrity stress response, the psk2D mutant showed a modest growth defect on SDS-supplemented medium ( Fig. 2A, top right) . Suppression of the tor2 ts phenotype in response to cell integrity stress depended on phosphorylation of Ugp1 at Ser 11 ( Fig. 2A) . Therefore, in the presence of normal Tor2 signaling, Psk2 and the phosphorylation of Ugp1 are not required for viability during cell integrity stress, but become essential upon Tor2 inactivation. Thus, activation of yPASK through two independent mechanisms, cell integrity stress or overexpression, bypassed the tor2 ts mutant phenotype. In addition to cell integrity stress, growth on nonfermentative carbon sources also activates yPASK (20) . Growth on either raffinose or galactose, which are nonfermentative carbon sources that activate yPASK, suppressed the tor2 ts phenotype (Fig. 2B) . Deletion of PSK2 or the presence of Ugp1-S11A, however, attenuated the suppression of the tor2 ts phenotype by the nonfermentative carbon sources. Together, three independent means of enhancing yPASK signaling-overexpression of PSK1 or PSK2, cell integrity stress, or growth on nonfermentative carbon sources-all suppressed the tor2 ts phenotype in a manner dependent on Ugp1 Ser 11 . To confirm that these suppressing conditions increased Ugp1 phosphorylation, we performed immunoblots with an antibody specific for phosphoSer 11 -Ugp1 (Fig. 2C) . A small amount of phosphorylated Ugp1 was detected under basal conditions, but the conditions that should stimulate yPASK activity increased Ugp1 phosphorylation. Thus, activation of yPASK was sufficient to suppress the tor2 ts growth phenotype, and that suppression required Ugp1 phosphorylation.
SSD1 is required for the tor2 ts suppression by yPASK
The studies described so far were conducted in the JK9 strain background. However, we found that yPASK failed to suppress the tor2 ts growth phenotype in the W303 strain background ( F3 Fig. 3A , right panel). We reasoned that determining the key difference between the JK9 and the W303 strains should provide insight into the genetic pathway underlying yPASKdependent suppression. To uncover the genetic basis for this distinction, we took a candidate gene approach by examining known polymorphisms that vary between the two strains. Many laboratory S. cerevisiae strains have a mutation (ssd1d) that causes a premature stop codon in the SSD1 gene (22) . SSD1 has been implicated genetically in many different cellular functions, but the biochemical function of Ssd1 has remained elusive (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . It has homology to the ribonuclease II (RNase II) family of enzymes, but it lacks residues that are critical for catalytic activity. Clues to Ssd1 biochemical function have come from studies showing that Ssd1 controls posttranscriptional gene expression through direct mRNA binding (24, 33) .
The W303 strain contains the nonfunctional ssd1d allele, whereas the JK9 strain contains wild-type SSD1 (25) . To determine whether this mutation is the key difference preventing suppression of the tor2 ts by yPASK in the W303 strain, we complemented the ssd1d mutation with a plasmid containing the wild-type SSD1 gene. When wild-type SSD1 was present, yPASK suppressed the tor2 ts phenotype in the W303 strain background (Fig. 3A) . Conversely, deletion of the wild-type copy of SSD1 in the JK9 strain prevented yPASK suppression of the tor2 ts growth defect. These data indicated that SSD1 was necessary for yPASK to suppress the tor2 ts and was epistatic to yPASK.
The function of Ssd1 in posttranscriptional gene regulation is regulated by phosphorylation at eight N-terminal sites by the protein kinase Cbk1 (24) . Six of these phosphorylation sites are a perfect match for the yPASK consensus phosphorylation motif (HXRXX[S/T]) (34) . To determine whether Ssd1 phosphorylation at these sites might also play a role in yPASKmediated suppression of the tor2 ts growth phenotype, we created mutants of Ssd1 wherein the eight phosphorylatable residues were mutated to alanine (Ssd1-8A) or a phosphomimetic amino acid (Ssd1-8D or Ssd1-8E). Overexpression of nonphosphorylatable Ssd1 was previously observed to cause toxicity (24) , which was due to its role in gene expression. As expected, we also observed that overexpression of Ssd1-8A caused toxicity, UGP1-S11A WT strain was grown to saturation and then diluted to an optical density at 600 nm (OD 600 ) of~0.2 in the synthetic medium lacking uracil (SD-Ura). Cells exposed to SDS or heat shock treatment for 3 hours were grown in YPAD medium. PSK2 overexpression (PSK2 O/E) culture was grown in SD-Ura and was incubated at 37°C for 3 hours before harvest. Galactose and raffinose cultures were grown to saturation in SD-Ura medium and then diluted to an OD 600 of 0.2 in either SGal-Ura or SRaff-Ura. The graph shows the average and SD of four independent samples quantified with the LI-COR Odyssey Imaging software. Phosphorylated Ugp1 is shown as the ratio of total Ugp1 or the ratio of Pgk, which served as a loading control.
which was not observed when wild-type Ssd1 or Ssd1 containing the phosphomimetic substitutions was overexpressed ( fig. S2 ). All of these SSD1 mutants, like the wild type, enabled suppression of the tor2 ts phenotype by PSK2 (Fig. 3B) , suggesting that phosphorylation of Ssd1 at these eight sites does not play an essential role in yPASK-dependent suppression of the tor2 ts phenotype. Thus, the role of Ssd1 in tor2 ts suppression is likely distinct from its role in posttranscriptional regulation of gene expression.
Ugp1 and Ssd1 physically interact in a phosphorylation-dependent manner
To investigate whether Ugp1 and Ssd1 physically interacted as part of their role in suppression of the tor2 ts growth phenotype, we expressed a C-terminally hemagglutinin (HA)-tagged Ssd1 at normal abundance (native promoter/CEN plasmid) and tested for a possible interaction with Ugp1. Because Ugp1 phosphorylation was critical in the tor2 ts strain at 37°C, we performed the coimmunoprecipitations at 37°C. Presumably, because Ugp1 is an abundant protein, control immunoprecipitations often showed trace amounts of Ugp1. However, we detected wild-type Ugp1 immunoprecipitated with Ssd1-HA above the background detected in the control samples (Fig. 3C ). Unlike the wild-type, we detected no interaction of the S11A mutant of Ugp1 with Ssd1-HA (Fig. 3C) .
Because of the various other cellular roles that both Ugp1 and Ssd1 play in growth and stress response, we examined whether this association was dynamically regulated in response to a temperature increase. In cultures grown at 37°C for 0, 3, and 5 hours, complex formation was initially enhanced in response to the temperature shift, but subsequently decreased after 5 hours at 37°C (Fig. 3C) . Together, these data indicated that Ssd1 and Ugp1 formed a heat stressresponsive complex that was dependent on Ugp1 phosphorylation.
The tor2 ts suppression effect of Ugp1 phosphorylation is independent of effects on glucose partitioning
Because the osmotic stabilizer sorbitol rescues growth of the tor2 ts mutant and because phosphorylation of Ugp1 promotes increased cell wall glucan production, which increases cell wall stability (21), we investigated whether this function of Ugp1 was important for yPASK-dependent suppression of the tor2 ts mutant phenotype. This question cannot be answered directly because a catalytically inactive mutant of Ugp1 does not enable viability of a ugp1D strain, due to the essential role of Ugp1 in producing UDP-glucose (35) . However, we conducted two experiments that suggested that the tor2 ts suppression role of Ugp1 was distinct from its role in glucose partitioning.
Overexpression of phosphoglucomutase-2 (PGM2) suppresses a growth defect caused by loss of Ugp1 phosphorylation (19) . Pgm2 converts glucose-6-phosphate to glucose-1-phosphate, which is the glucose donor for UDP-glucose synthesis by Ugp1. When it is overexpressed, the increased UDP-glucose synthesis enables cell wall production and stabilization, even in the absence of Ugp1 phosphorylation (36) . If cell wall glucan synthesis was sufficient for tor2 ts suppression, PGM2 overexpression might be expected to suppress the growth phenotype. However, PGM2 overexpression had no effect on the temperature sensitivity of the tor2 ts mutant ( F4 Fig. 4A ). If Ugp1 phosphorylation regulates glucose partitioning and tor2 ts suppression through the same mechanism, then these two functions should both depend on SSD1. To determine whether yPASK-dependent regulation of glucose partitioning was dependent on SSD1, as we had found for tor2 ts suppression by PSK2 overexpression (Fig. 3) , we measured glycogen content in wild-type and psk1D psk2D mutants in both the JK9 and the W303 backgrounds both with and without SSD1 (Fig. 4B) . The psk1D psk2D mutant exhibited glycogen content that was markedly higher than that of wild type, consistent with our previous results (21) 
Ssd1-HA Ugp1 genotype:
WT S11A WT S11A phenotype occurred in the presence of nonphosphorylatable (Ssd1-8A) or phosphomimetic (Ssd1-8D, Ssd1-8E) Ssd1. Ssd1-8A, Ssd1-8D, or Ssd1-8E was expressed from a 2-mm plasmid with a minimal CYC1 promoter. Strains were grown at the indicated temperature for 3 days. Experiments shown are representative of four independent experiments. (C) Ssd1 associates with Ugp1 in a phosphorylationdependent manner with a peak of association at 3 hours of heat shock. The tor2 ts strain expressing Ssd1-HA was grown to log phase on synthetic glucose medium lacking uracil. Strains were heat-shocked at 37°C for 3 hours for the samples shown in the top blot and for the indicated times in those shown in the bottom. Ssd1 was detected with an antibody recognizing HA, and Ugp1 was detected with an antibody to endogenous Ugp1 (n = 5). This blot is quantified below and is representative of five independent experiments.
was not significantly different in either the JK9 or the W303 strain with or without functional SSD1 (Fig. 4B) . Although yPASK deletion caused an increase in glycogen content in each genetic condition, there was an overall decrease in glycogen content in the JK9 strain with SSD1, which we think is likely due to an interaction between SSD1 and one or more genes other than PSK1 or PSK2. These data, together with the PGM2 data, indicate that there is a bifurcation in the yPASK pathway at the point of Ugp1 phosphorylation. Suppression of the tor2 ts through phosphorylation of Ugp1 requires Ssd1. However, the ability of Ugp1 phosphorylation to enact the switch from production of UDP-glucose for glycogen to use in cell wall glucans is independent of Ssd1. These data would indicate that Ssd1 is not required for Ugp1 phosphorylation but may be necessary downstream of phosphorylation for the signaling function of Ugp1 that allows cells to tolerate loss of Tor2 function. Consistent with the hypothesis that Ssd1 is downstream of Ugp1 phosphorylation, yPASK-dependent phosphorylation of Ugp1 increased in response to heat shock in the absence of Ssd1 (Fig. 4C) . However, the ssd1D mutant consistently had less total phospho-Ugp1. These data indicate that Ssd1 is not required for Ugp1 phosphorylation in response to yPASK activation, but it may be required to fully stabilize the phosphorylated form.
yPASK promotes Rom2-dependent Rho1 activation
Tor2 mediates most of its effects on cell growth and actin reorganization through activation of the small GTPase Rho1 (37). Rho1 controls activation of the MAPK pathway, cortical actin polarization, cell wall synthesis, and budding (14) (15) (16) . Because of the critical role of Rho1 in mediating the effects of Tor2 activation on growth, we postulated that the ability of yPASK to suppress the tor2 ts might also be dependent on Rho1 activation, which is usually caused by GEFs. The S. cerevisiae genome encodes three GEFs for Rho1, ROM1, ROM2, and TUS1 (38, 39). To determine whether Rho1 activation by one of these GEFs was required for suppression of the tor2 ts by yPASK, we examined suppression in strains each lacking one GEF. Whereas deletion of ROM1 or TUS1 had no effect on yPASK-dependent tor2 ts suppression ( fig. S3) , it was completely abolished by deletion of ROM2 ( F5 Fig. 5A ). Because Rom2, like Ssd1, was required for suppression and Ssd1 was present in a complex with Ugp1, we investigated whether Rom2 was also a component of this complex. A FLAG-tagged Rom2 protein expressed from the endogenous ROM2 locus precipitated wild-type Ugp1, and this interaction depended on Ugp1 Ser 11 ( Fig. 5B) . At both the permissive and the restrictive temperatures, Rom2 and Ugp1 were physically associated ( fig. S4 ). We noted a substantial decrease in Rom2 protein after 3 hours at 37°C (fig. S5 ). The instability of Rom2 at the restrictive temperature makes it difficult to quantitatively evaluate changes in the Rom2-Ugp1 association.
Because we found that the Ssd1-Ugp1 interaction was dynamic in response to high temperature, we examined the kinetics of the Rom2-Ugp1 interaction. The kinetics of the association between Rom2 and Ugp1 were similar to those of Ssd1 and Ugp1. The degree of association was greatest in cells incubated for 3 hours at 37°C, and the interaction returned close to baseline by 5 hours (Fig. 5C ). To more systematically assess protein abundance, we grew cultures at 37°C and harvested samples every hour for 7 hours. By Western blotting, we observed an apparent decrease in the abundance of Rom2 and Ssd1 after about 4 hours at 37°C ( fig. S5 ), whereas Ugp1 appeared stable over the course of the heat shock treatment. Ugp1 phosphorylation appeared to peak after 1 to 2 hours at 37°C and then gradually decreased over the remainder of the time course.
Ugp1 could form either two distinct complexes, one with Rom2 and another with Ssd1, or a single complex with both Ssd1 and Rom2. Tagged forms of Ssd1 and Rom2 coimmunoprecipitated from yeast grown at Fig. 5D ) and Ssd1 and Ugp1 failed to interact in a rom2D strain (Fig. 5E ), suggesting that the pairwise interactions are stabilized in the context of the entire complex. Because yPASK suppression of the tor2 ts growth phenotype required ROM2 and Rom2 interacted with Ssd1 and phosphoUgp1, we speculated that this Rom2 complex promotes Rho1 activation and thereby bypasses the requirement for Tor2 activity. Therefore, we determined whether PSK2 overexpression was sufficient to activate Rho1 in the tor2 ts mutant strain by monitoring the amount of guanosine 5′-triphosphate (GTP)-bound (active) Rho1 isolated with Rho1 binding domain (RBD)-conjugated beads by Western blotting (40, 41) . The tor2 ts strain at the nonpermissive temperature had an attenuated amount of active Rho1 when compared to wild-type cells (Fig. 5F ). Overexpression of PSK2 in the tor2 ts mutant, however, increased the amount of GTP-bound Rho1 to slightly above that of wild type. Thus, we concluded that yPASK overexpression caused Ugp1 phosphorylation, the formation of a Ugp1-Ssd1-Rom2 complex, and the activation of Rho1, which suppressed the growth defect of the tor2 ts mutant.
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DISCUSSION
Activation of yPASK, through overexpression, cell integrity stress, or growth on nonfermentative carbon sources, increased Ugp1 phosphorylation and suppressed the tor2 ts growth phenotype. Ugp1 phosphorylation nucleated the formation of a signaling complex that contained a metabolic enzyme (Ugp1), a degenerate RNase (Ssd1), a Rho1 GEF (Rom2), and possibly other proteins. The roles of Ugp1 and Ssd1 within this complex appear to be separable from their defined roles in glucose utilization (20, 21) and translational repression (24, 33) , respectively. We found that this complex appears to activate Rho1, thereby functioning in cellular growth control. Although in many of our experiments, Psk2 was more effective in suppressing the growth defect of tor2 ts , we believe that this is likely due to differences in protein abundance rather than a difference in function between Psk1 and Psk2, which is consistent with their functional redundancy in regulating glucose partitioning (20) .
Within the Ugp1, Ssd1, Rom2 complex, it is most likely that Rom2 mediates Rho1 activation, because Rom2 has Rho1 GEF activity (17) . Rho1 has at least four Strains were grown at the indicated temperature for 2 days. (B) Rom2 interacts with Ugp1 in a phosphorylation-dependent manner. Numbers below the Ugp1 blot indicate quantification of bands by means of ImageJ with the amount of Ugp1-S11A in the control sample set to 1. Strains containing Rom2-FLAG at the endogenous locus with or without the Ugp1-S11A allele were grown to log phase and then subjected to immunoprecipitation with an antibody recognizing FLAG. Data are representative of four experiments. (C) Heat shock transiently increases the interaction between Rom2 and Ugp1. Immunoprecipitations were performed on a Rom2-FLAG strain with anti-FLAG beads and blotted for Ugp1. Data are representative of four experiments. Numbers below the Ugp1 blot indicate quantification of bands by ImageJ with the amount of Ugp1 in the control sample set to 1. (D) Rom2 and Ssd1 coimmunoprecipitate. Data are representative of three experiments. Numbers below the Rom2 blot indicate quantification of bands by ImageJ with the amount of Rom2 in the absence of Rom2-FLAG set to 1. (E) Coimmunoprecipitation of Ssd1 and Ugp1 is absent in a rom2D strain. Strains were grown to mid-log phase and crude cell lysates were subjected to immunoprecipitation. Data are representative of three experiments. Numbers below the Ugp1 blot indicate quantification of bands by ImageJ with the amount of Ugp1 in the Ssd1-HA rom2D sample set to 1. (F) Rho1 activity is increased in cells overexpressing PSK2. Strains were grown to midlog phase and GTP-bound Rho1 was immunoprecipitated with RBD beads (n = 3). Biological replicates were loaded in adjacent lanes and bands were quantified with ImageJ. Data are presented as the average and SD with P values determined by Student's t test.
downstream effectors. It binds to and activates Pkc1 (37) , which activates the MAPK signaling cascade. Rho1 activates cell wall synthesis by binding to and activating the b-1,3-glucan synthase Fks1 (15) . Finally, Rho1 interacts with Bni1, a formin family member (16) , and Skn7, a twocomponent signaling factor (42) . However, activation of Rho1 does not always produce equivalent activation of all of the downstream effectors; Rho1 activation can preferentially activate specific downstream effectors, which is at least partially dependent on the activating GEF. We found that yPASK-dependent suppression of the tor2 ts appeared to function exclusively through Rom2, and not Rom1 or Tus1, two other verified Rho1 GEFs, and this may be because only Rom2 assembles in the Ugp1-Ssd1 complex. The tor2 ts strain exhibits growth arrest with a disorganized actin cytoskeleton (37) , which can be suppressed by overexpression of Pkc1. However, overexpression of the other Rho1 downstream effectors, Bni1, Fks1, or Skn7, does not suppress the tor2 ts growth phenotype (37) . These data, and the fact that growth on sorbitol suppresses the tor2 ts , indicate that the lethal defects of the tor2 ts strain are lack of actin organization and cell lysis probably due to cell wall defects. Given that yPASK activation can suppress the tor2 ts , yPASK signaling most likely repairs one or both of these defects through the activation of Rho1. This could be accomplished by Rho1-dependent activation of Pkc1 and actin rearrangement, activation of Fks1 and cell wall synthesis, or both. It remains to be determined which Rho1 downstream effectors are regulated by yPASK activation and which are required for tor2 ts suppression. Ssd1 is required for yPASK to suppress the tor2 ts growth phenotype. The role of Ssd1 in this signaling pathway remains unclear. Its physical interaction with Ugp1 in a phosphorylation-dependent manner, however, strongly suggests that its suppressing function is as a component of the Ugp1-Rom2 complex. Two possible roles for Ssd1 in this complex are (i) to stabilize the phosphorylated form of Ugp1 or (ii) to function as a scaffold for the Rom2-Ugp1 association. The absence of Ssd1 decreased the amount of phosphorylated Ugp1, suggesting that Ssd1 may prevent Ugp1 dephosphorylation (Fig. 4C ). This effect, however, could be a secondary effect of binding with Ssd1 and Rom2. The model of Ssd1 as a scaffold is particularly attractive, because it would bring together Ugp1, the recipient of the activating phosphorylation signal, and Rom2, which likely provides the Rho1 activation output.
The RNA binding capacity of Ssd1 raises the intriguing possibility that the complex also contains RNA. The complex may function to regulate specific mRNA stability, localization, or translation, or, alternatively, RNA may play a structural or regulatory role within the complex. Unlike the described role of Ssd1 in translational repression (24) , the function of Ssd1 in suppression of the tor2 ts was unaffected by phosphorylation on the known eight N-terminal residues. Phosphorylation of Ssd1 also promotes asymmetric mRNA localization, which may have a role in polarized cell growth (33) . These data indicate that the two roles of Ssd1 are separable and likely represent distinct activities. One is regulated by phosphorylation at the N terminus and involves regulation of mRNA translation and localization. The other involves complex formation with Ugp1 and Rom2, which is independent of N-terminal phosphorylation. This duality may enable coordination between the cell wall synthesis and actin polarization required for cell division and the spatially regulated expression of cell wall-degrading enzymes that are needed for cell separation.
The primary mechanism by which yPASK regulates the Rho1-activating complex appears to be phosphorylation of Ugp1. Therefore, the phosphorylation of Ugp1 plays at least two cellular roles. First, it causes the preferential partitioning of UDP-glucose toward cell wall biosynthesis at the expense of glycogen storage (21) . This function is independent of Ssd1. Second, Ugp1 phosphorylation nucleates the formation of a signaling complex that includes Ssd1 and Rom2. Although these two effects are separable on the basis of their differential Ssd1 dependence, they may be indirectly related. The yPASK-dependent translocation of Ugp1, which might be the mechanism of glucose partitioning, may also be required for the formation of the Ugp1-Ssd1-Rom2 complex. Peripheral localization would bring the complex into proximity with Rho1, which is known to localize to the cell periphery (43) . The two functions of Ugp1 may both be dependent on translocation and may allow Ugp1 to simultaneously produce UDP-glucose at the cell periphery and activate the Fks1 protein (through Rho1), which is responsible for the incorporation of UDPglucose in cell wall biogenesis. Thus, Ugp1, thought only to catalyze the formation of UDP-glucose, has a distinct signaling function. It remains to be determined, however, whether this signaling function is dependent on the enzymatic activity of Ugp1 or Ugp1 simply plays a scaffolding role within the complex. If enzymatic activity is required, it would be interesting to determine the role of UDP-glucose in the complex. This is a difficult question to answer given that the enzymatic activity of Ugp1 is required for cell viability and that Ugp1 forms a stable octamer (35) . However, future studies will ultimately shed light on the molecular basis of the signaling activity of this metabolic enzyme.
The physiological significance of yPASK activation remains to be elucidated. One possibility is that yPASK is simply activated in response to various forms of stress, both structural and metabolic, and acts to stabilize the cell wall. This is accomplished by phosphorylation of Ugp1, which directly promotes cell wall production, and also activates Rho1, which leads to an increase in cell wall biogenesis through activation of Fks1. On the other hand, yPASK activation might enable growth under nonideal conditions. Rho1 activation leads to polarization of the actin cytoskeleton in coordination with cell growth and division. A pro-growth role for yPASK is supported by the observation that an fks1D mutation suppresses the growth defect of tor2 ts (6) . If yPASK were suppressing the tor2 ts by simple up-regulation of cell wall synthesis, deletion of FKS1 should exacerbate and not suppress the tor2 ts phenotype. This proposed pro-growth role is further supported by the fact that yPASK is a positive regulator of protein synthesis in yeast (19) , which is clearly a pro-growth function. In mammalian systems, PASK is activated in nutrient-replete conditions to elicit the appropriate cellular response (18) . Specifically, PASK promotes insulin synthesis in pancreatic b cells, represses oxidative metabolism in skeletal muscle, and up-regulates lipid synthesis and storage in the liver. These data support an evolutionarily conserved role for the PASK family in mediating nutrient-responsive anabolism.
Herein, we detailed a signaling network that connects PASK and TOR signaling. There are many similarities between PASK and TOR in S. cerevisiae and in mammals. First, TOR responds to nutrient-replete conditions, both locally and globally, to elicit a pro-growth response (6) . This function is analogous to the roles described in this study and elsewhere for PASK. Second, PASK and TOR both have two closely related paralogs in S. cerevisiae (PSK1, PSK2 and TOR1, TOR2), but higher organisms only have one of each gene. Third, mice lacking PASK and mice lacking S6 kinase 1 (S6K1), a downstream target of TOR signaling, have an overlapping set of phenotypes (18, 44) . Specifically, they both exhibit increased metabolic rate, are resistant to diet-induced obesity, and have b cell insufficiency. These similarities could be coincidental, but it is also possible that these two highly conserved nutrientsensing kinases have a closer relationship. Whereas we have shown that yPASK and TORC2 function in parallel pathways in S. cerevisiae to activate Rho1, their functions in higher organisms might be in more direct coordination.
The cell-autonomous decision to grow and divide must be responsive to environmental cues. In particular, it must integrate the nutritional environment to ensure that sufficient energy sources and building blocks are available. Because of the potential catastrophic consequences of mishandling this decision, cells have evolved multiple cellular energy sensors to detect the nutritional environment and signal appropriately. We have shown that yPASK functions in parallel to TORC2 to enable cell survival and growth under stress conditions.
MATERIALS AND METHODS
Yeast cells, culture media, and materials S. cerevisiae strain JRY626 (MATa leu2 ura3 trp1 his4) was used as the JK9 parental strain and wild-type strain. JRY421 (MATa/a his3 lys2 met15 ura3 trp1 leu2) was used as the W303 parental diploid. Temperaturesensitive strains were isolated by sporulation and dissection. Deletion mutant strains and strains expressing chromosomal-integrated FLAG-tagged proteins were generated by standard polymerase chain reaction (PCR)-based homologous recombination methods in diploids, followed by sporulation and tetrad dissection (45) . Yeast were transformed by the lithium acetate method and grown at 30°C in SD medium (0.67% yeast nitrogen base, 2% glucose) with amino acids unless otherwise indicated. Complete strain and plasmid information is given in table S1.
For the growth assays, strains of the indicated genotypes were grown to saturation and serially diluted in water. These diluted samples were spotted onto synthetic minimal medium lacking the appropriate amino acid for selection (uracil or uracil and methionine) and with the indicated additives and incubated at the indicated temperature for 3 to 4 days. Growth experiments were performed four to six times.
Glycogen determination
Glycogen assay was performed as previously described (19) . Briefly, UDP-glucose pyrophosphorylase (UGPase) activity was determined by the rate of formation of glucose-1-phosphate from UDP-glucose in a nicotinamide adenine dinucleotide phosphate (NADP)-linked glucose-6-phosphate dehydrogenase assay as previously described (35) . The reaction mixture contained 50 mM tris (pH 8.0), 10 mM dithiothreitol, 10 mM MgCl 2 , 0.2 mM NADP, 10 mM glucose-1,6-biphosphate, 2 mM UDPglucose, 0.6 U of phosphoglucomutase, 0.5 U of glucose-6-phosphate dehydrogenase, 10 mM sodium pyrophosphate, and sample (whole-cell lysate). Assay was read at 340 nm in a 1-cm path cuvette in an Ultrospec 2000 spectrophotometer (Amersham Pharmacia).
Immunoprecipitation
For Ugp1-Rom2 and Ugp1-Ssd1 coimmunoprecipitation experiments, the indicated strains were grown to log phase, harvested, resuspended, and lysed in 600 ml of immunoprecipitation (IP) buffer [25 mM potassium acetate (KOAc), 25 mM Hepes (pH 7.4), 0.2 mM EDTA, 0.2 mM EGTA, 10% glycerol, 0.02% NP-40, protease inhibitor cocktail (Sigma), and PhosSTOP (Roche)]. Cleared cell lysates were incubated with either anti-FLAG-or anti-HA-conjugated (Sigma) beads for 2 hours at 4°C. The mixture was then rinsed two times in IP buffer. The beads were resuspended in IP buffer and transferred into a spin column (Sigma). The beads were rinsed three times in wash buffer [50 mM KOAc, 25 mM Hepes (pH 7.4), 0.2 mM EDTA, 0.2 mM EGTA, 10% glycerol, 0.02% NP-40, protease inhibitor cocktail, and PhosSTOP]. The beads were incubated with FLAG or HA peptide for 1 hour at room temperature and the elution was mixed with Laemmli's loading buffer. The samples were then analyzed by Western blot with the appropriate antibody [anti-FLAG (Cell Signaling), anti-HA (Covance), and P-Ugp1 (Cell Signaling)].
Pull-down assay for active Rho1
Active Rho1 was assayed as previously described with modification (40, 41) . Rho1-HA-expressing cells were grown to log phase, harvested, and lysed in IP buffer [25 mM Hepes-KOH (pH 7.9), 100 mM KOAc, 0.2 mM EDTA, 0.2 mM EGTA, 0.1% NP-40, 10% glycerol, protease inhibitor cocktail (Sigma), and PhosSTOP (Roche)]. Cleared cell lysates were normalized with the Bradford assay. Normalized cell lysates were incubated with glutathione S-transferase (GST)-tagged RBD preconjugated to beads (Cytoskeleton Inc.) for 2 hours at 4°C. Pelleted beads were washed three times with IP buffer. Protein bound to the beads was eluted with 1× Laemmli's buffer and subjected to 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Rho1 was detected with a monoclonal antibody recognizing HA (Covance).
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/5/209/ra9/DC1 Fig. S1 . Sorbitol (1 M) can suppress the tor2 ts growth phenotype. Fig. S2 . Ssd1-8A, but not Ssd1-8D or Ssd1-8E, overexpression is lethal in the JK9 strain. Fig. S3 . Neither ROM1 nor TUS1 is required for yPASK to suppress the tor2 ts growth phenotype. Fig. S4 . Rom2 and Ugp1 associate at both the permissive and the restrictive temperatures. Fig. S5 . Stability of Rom2 and Ssd1, but not Ugp1, decrease with extended heat shock. Table S1 . Strains and plasmids used.
Abstracts
One-sentence summary: The Rho1-activating complex formed by yPASK-phosphorylated Ugp1 enables yeast to overcome loss of Tor2 function.
Editor's Summary: Bypassing TOR
Without target of rapamycin (TOR), cells cannot properly integrate nutrient status with cell growth. In yeast, loss of one of the Tor-encoding genes, TOR2, is lethal. Cardon et al. found that phosphorylation of Ugp1 by the yeast PASK (yPASK) family members rescued the growth defect of a temperature-sensitive tor2 yeast mutant. This rescue involved the formation of a multiprotein complex that activated the guanosine triphosphatase Rho1 and was independent of the well-known function of Ugp1 in supplying glucose for cell wall synthesis. This work defines a pathway that provides a pro-growth signal in the absence of Tor2 and shows that yPASK-phosphorylated Ugp1 is a dual-purpose protein, directing glucose to the periphery for cell wall synthesis and activating Rho1 to promote cell growth.
